Introduction
============

Malignant glioma, which consists mainly of anaplastic glioma and glioblastoma (GBM), represents up to 50% of all primary brain gliomas ([@b1-ol-0-0-3639]) and is the most common primary brain tumor in adults. The clinical outcome in patients with malignant glioma is poor despite the improvements in survival rate since the use of adjuvant chemoradiotherapy post-operatively ([@b2-ol-0-0-3639]).

It has been reported that the prognosis of malignant glioma may be affected by several factors, including not only patient age, pre-operative Karnofsky performance status (KPS), histological grade, pathological molecular markers (such as MGMT, IDH1, 1p19q and PDGF-α) and temozolomide chemotherapy ([@b3-ol-0-0-3639]--[@b7-ol-0-0-3639]), but also certain pre-operative magnetic resonance imaging (MRI) features on routine scans, such as peritumoral edema (PTE) extent, degree of necrosis, enhancement extent and the size of the cyst, among others ([@b5-ol-0-0-3639],[@b8-ol-0-0-3639]--[@b11-ol-0-0-3639]). However, several studies have also shown that certain features of pre-operative MRI, such as PTE, cysts and tumor size, are not independent predictors of survival in patients with glioma ([@b12-ol-0-0-3639]--[@b14-ol-0-0-3639]).

PTE is a significant contributor to morbidity and mortality from glioma ([@b15-ol-0-0-3639]), but a recent systematic review suggested that controversy remains with regard to its prognostic value ([@b14-ol-0-0-3639]). A requirement therefore exists to further evaluate the association between PTE on MRI and patient survival, as such data from routine imaging are irreplaceable during the formation of a pre-operative diagnosis and are now the central basis of treatment decisions in patients with glioma. Determination of clear associations between these factors has a certain instructive significance for clinical practice. In the present study, the prognostic value of MRI features from pre-operative routine scans was assessed in patients with malignant glioma in order to confirm which would be the most valuable prognostic markers, as this data may provide aid in everyday clinical activities.

Patients and methods
====================

### Patients and clinical data

The clinical and pre-operative MRI data of 109 patients treated by resection of a newly diagnosed supratentorial malignant glioma at the First Affiliated Hospital of Fujian Medical University (Fuzhou, China) between March 2006 and September 2012 were included in this retrospective study. Patients who succumbed to non-glioma-based causes or those who received a biopsy were excluded from the study. No patients received corticosteroids at the time of the pre-operative MRI scan. For all patients, the tumor was confirmed to be totally resected using post-operative enhanced MRI within 3 days. According to the principles of the World Health Organization classification ([@b16-ol-0-0-3639]), the histological diagnosis and grading of each patient were reaffirmed. In total, 65 cases were classified as GBM (grade 4) and 44 as anaplastic glioma (grade 3), consisting of anaplastic astrocytoma, anaplastic oligodendroglioma and anaplastic oligoastrocytoma. In the cohort, 65 patients were male and 44 were female. The median age at diagnosis was 49 years (range, 18--78 years). The median pre-operative KPS of the patients was 80 (range, 70--100). Post-operatively, 53 patients were treated with standard chemoradiotherapy (radiotherapy plus chemotherapy) and 56 were treated with non-standard chemoradiotherapy ([@b17-ol-0-0-3639]) (radiotherapy alone, chemotherapy alone, and no radiotherapy or chemotherapy). Oral temozolomide chemotherapy (150--200 mg/m^2^/day) was administered for 4--6 cycles unless mortality or irreversible hematological toxicity occurred. Radiotherapy was administered to the contrast-enhanced lesion plus the area of the PTE and a 2-cm margin (60 Gy in 2-Gy fractions). All patients were followed up via telephone conversations or outpatient visits. Overall survival (OS) was defined as the time (months) between the primary surgical resection and mortality or the latest follow-up. This study was approved by Ethics Committee of Fujian Medical University and conformed to the principles outlined in the Declaration of Helsinki. Written informed consent was provided by all patients.

### Classification of MRI features

For all patients, pre-operative MRI data from routine scans, including T1-weighted (W), T2-W and contrast-enhanced T1-W sequences were available. The unidimensional maximum diameter (cm) was used for measuring the tumor size on the T1-W images, and the median tumor size was recorded as 5.0 cm (range, 2.3--9.0 cm). The bright T2-W signal region surrounding the tumor was defined as PTE, which was estimated based on the maximum distance from the tumor margin to the outer edge of the edema, and was graded into minor ([Fig. 1A](#f1-ol-0-0-3639){ref-type="fig"}) and major ([Fig. 1B](#f1-ol-0-0-3639){ref-type="fig"}) types ([@b5-ol-0-0-3639]). According to the method reported by Hartmann *et al* ([@b18-ol-0-0-3639]), the morphological classification of PTE was performed on the basis of the T2-W images ([Fig. 1A and B](#f1-ol-0-0-3639){ref-type="fig"}). Necrosis, which was estimated on the axial contrast-enhanced T1-W images ([@b19-ol-0-0-3639]), was demonstrated when a region had a high signal intensity on T2-W images, but a low signal intensity on T1-W images, and an irregular enhancing border on contrast-enhanced images ([Fig. 1C and D](#f1-ol-0-0-3639){ref-type="fig"}). Enhancement was defined as not marked or marked when the enhancement signal was less than ([Fig. 1E](#f1-ol-0-0-3639){ref-type="fig"}) or similar to ([Fig. 1F](#f1-ol-0-0-3639){ref-type="fig"}) the signal intensity of fat, respectively. Cysts ([Fig. 1G and H](#f1-ol-0-0-3639){ref-type="fig"}) were defined as rounded regions that exhibited low intensity T1-W signals and extremely high intensity T2-W signals matching the cerebrospinal fluid signal. Additionally, the regions presented with a thin, smooth, regular, slightly enhancing or non-enhancing wall ([@b9-ol-0-0-3639]). The specific classification of the imaging features is listed in [Table I](#tI-ol-0-0-3639){ref-type="table"} and an example of this classification is presented in [Fig. 2](#f2-ol-0-0-3639){ref-type="fig"}. According to these aforementioned classification methods, the imaging data of all the patients were analyzed independently by two experienced radiologists who were blinded to the patient\'s clinical information.

### Statistical analysis

SPSS 19.0 (IBM SPSS, Armonk, NY, USA) was applied for the statistical analysis. For the univariate analysis, the Kaplan-Meier method was used to calculate survival rates, which were compared by the log-rank test. Factors that were statistically significant on the univariate analysis were analyzed on multivariate analysis. COX proportional hazards model and stepwise regression analysis were applied to estimate the effect of pre-operative MRI features on survival in the multivariate analysis. P≤0.05 (two-sided) was considered to indicate a statistically significant difference.

Results
=======

### PTE

Univariate analysis ([Table II](#tII-ol-0-0-3639){ref-type="table"}) showed that patients with major PTE survived a significantly shorter amount of time than those with minor PTE (P\<0.0001; [Fig. 2A](#f2-ol-0-0-3639){ref-type="fig"}); the median OS time was 14.0 and 44.0 months, respectively. Multivariate analysis ([Table III](#tIII-ol-0-0-3639){ref-type="table"}) indicated that the PTE extent shown by pre-operative MRI was an independent prognostic factor in patients with malignant glioma \[P=0.029; hazard ratio (HR), 2.337\].

### Necrosis

The degree of necrosis on pre-operative MRI was also an independent prognostic factor in malignant glioma (P\<0.0001; HR, 2.218), with a median OS time of 42.0, 14.0 and 10.0 months for patients with no, mild and severe necrosis, respectively (P\<0.0001; [Fig. 2B](#f2-ol-0-0-3639){ref-type="fig"}).

Additionally, the prognosis in the patients with two unfavorable factors (major edema and severe necrosis) was markedly poor compared with those with only one unfavorable factor and those without unfavorable factors (P\<0.0001; [Fig 2E](#f2-ol-0-0-3639){ref-type="fig"}), with median OS times of 10.0, 15.0 and 44.0 months, respectively.

### Other imaging features

On univariate analysis, a significant difference (P\<0.0001; [Fig. 2C](#f2-ol-0-0-3639){ref-type="fig"}) was indicated between the patients with no marked enhancement and those with marked enhancement, with median OS times of 29.0 and 13.0 months, respectively. However, multivariate analysis showed that the extent of enhancement was not an independent prognostic factor. Similarly, a significant difference (P\<0.0001; [Fig. 2D](#f2-ol-0-0-3639){ref-type="fig"}) existed among patients with edema of rounded and irregular shapes, with median OS times of 28.0 and 14.0 months, respectively However, multivariate analysis failed to confirm this significance. In addition, univariate analysis showed that cysts (P=0.593), tumor crossing the midline (P=0.762), edema crossing the midline (P=0.220) and tumor size (P=0.467) were not significantly associated with the prognosis in malignant glioma.

### Association between gender, age, KPS or pathological grade and patient prognosis

Gender did not affect the clinical outcome (P=0.357), but age (P\<0.0001; [Fig. 2F](#f2-ol-0-0-3639){ref-type="fig"}), KPS (P\<0.0001), pathological grade (P\<0.0001; [Fig. 2G](#f2-ol-0-0-3639){ref-type="fig"}) and post-operative chemoradiotherapy (P=0.004; [Fig. 2H](#f2-ol-0-0-3639){ref-type="fig"}) were correlated with patient survival. Multivariate analysis indicated that age (P=0.015), KPS (P=0.023), pathological grade (P=0.015) and chemoradiotherapy (P=0.005) were all independent prognostic factors in the patients with malignant glioma.

Discussion
==========

In the clinic, MRI is a routine examination for central nervous system diseases, and in particular, for the pre-operative diagnosis of glioma. Moreover, different signs shown by pre-operative MRI reflect the different biological behaviors of glioma. An improved understanding of the correlation between pre-operative MRI features and survival is therefore critical to clinical practice. The present study retrospectively analyzed several pre-operative MRI features, and found that PTE and necrosis were statistically significant unfavorable prognosis indicators affecting OS in patients with newly diagnosed supratentorial malignant glioma.

PTE, one of the main characteristics of malignant glioma, is a significant contributor to morbidity and mortality from glioma ([@b15-ol-0-0-3639]). The present study found that patients with major PTE exhibited a significantly worse OS time, and that PTE was an independent prognosis indicator. This may be associated with the fact that the glioma cells infiltrate the peritumoral area ([@b20-ol-0-0-3639]). Moreover, a recent study discovered a population of glioma stem cells infiltrating the area of PTE ([@b21-ol-0-0-3639]), and it has been found that these cells, which exhibit resistance to therapy, are the source of tumor recurrence ([@b22-ol-0-0-3639]--[@b24-ol-0-0-3639]). These data have provided convincing evidence that PTE is an indicator of an adverse prognosis in malignant glioma. However, a recent systematic review ([@b14-ol-0-0-3639]) suggested that the association between pre-operative PTE and survival in patients with glioma remains a controversial topic; one explanation may be that considerable heterogeneity exists in terms of patient clinical characteristics and the MRI technology used in these studies. Another factor that is inconsistent between the studies is the discrepancy in the measurement and classification of PTE. The present study also showed that patients with a rounded edema shape survived longer than those with an irregular edema shape, but multivariate analysis indicated that edema shape was not an independent predictor of prognosis. We speculate that edema extent may contribute to the result that edema shape affects patient survival, as this is consistent with the phenomenon observed in the clinic where PTE extent in patients with an irregular edema shape (such as a radial or finger-like shape) tends to be severe.

Necrosis is one of the pathological characteristics of malignant glioma. Previous studies have suggested that tumor necrosis extent is associated with a poor clinical outcome in malignant glioma ([@b8-ol-0-0-3639],[@b25-ol-0-0-3639],[@b26-ol-0-0-3639]). The present study also found that tumor necrosis shown by pre-operative MRI was an independent unfavorable prognosis factor. This may be associated with the malignant biological behaviors of glioma cells in necrotic areas. The rapid cellular proliferation of malignant glioma causes nutrient imbalance, which leads to hypoxia and necrosis in tumor tissue. Necrotic areas are typically surrounded by pseudopalisading cells, which are relatively unique to malignant glioma and have long been considered as an unfavorable prognostic indicator ([@b27-ol-0-0-3639]). Moreover, the pseudopalisading cells show a more hypoxic nature ([@b28-ol-0-0-3639]), which not only is suspected to contribute to glioma development and progress ([@b29-ol-0-0-3639]), but also would promote tumor recurrence, and improve the invasion ability and resistance to radiochemotherapy ([@b30-ol-0-0-3639]).

It was previously believed that enhancement on pre-operative MRI was an independent predictor of survival in malignant glioma ([@b8-ol-0-0-3639],[@b25-ol-0-0-3639]). However, in the present study, the enhancement extent was associated with the OS of the patients with malignant glioma on univariate analysis, while it failed to retain its significance on multivariate analysis. One proposed explanation is that the enhancement of brain tumors mainly reflects the breakdown of the blood brain barrier and is affected by all processes that increase or decrease the abnormal permeability, regardless of the size and activity of tumor ([@b31-ol-0-0-3639]). Previous studies showed that cysts were associated with a better prognosis in low-grade glioma ([@b32-ol-0-0-3639],[@b33-ol-0-0-3639]). It is likely that this is since cyst formation represents more indolent neoplasm growth and therefore, improved survival ([@b12-ol-0-0-3639]). Nevertheless, the present study found that cysts did not affect the clinical outcome in patients with malignant glioma, which is in accordance with a previous large-scale study ([@b12-ol-0-0-3639]). The proposed hypothesis holds that cyst formation is associated with a disturbed blood brain barrier ([@b34-ol-0-0-3639]) or malignant transformation of a glioma ([@b35-ol-0-0-3639]). However, the exact mechanism of cyst formation remains unknown and requires further research.

Additionally, it has been reported that age and pathological grade are independent predictors of prognosis in malignant glioma ([@b3-ol-0-0-3639],[@b4-ol-0-0-3639]), which is confirmed by the present results. We speculate that it may be due to the biological characteristics of patient at different age groups and the biological behaviors of glioma cells with different pathological grades. In the present study, post-operative standard chemotherapy plus radiotherapy was able to prolong the survival time of the malignant glioma patients, in accordance with the results of previous studies ([@b2-ol-0-0-3639],[@b36-ol-0-0-3639]). Therefore, we advocate that standard chemoradiotherapy for patients with malignant glioma should be actively pursued post-operatively.

However, a number of limitations that should be acknowledged exist in the present study. Firstly, this is a retrospective study, which may inevitably be subject to bias for information collection and patient selection. Moreover, the sample size is small in the study. Therefore, the association between pre-operative MRI features and prognosis in patients with supratentorial malignant glioma requires further analysis through large-scale and prospective studies, and particularly, the key molecular mechanisms of those independent predictors of survival require identification.

In conclusion, PTE and necrosis shown by MRI on pre-operative routine scans are independent indicators of an unfavorable prognosis, and patients with major edema plus severe necrosis exhibit a poorer prognosis, thereby indicating that PTE and extent of necrosis on routine MRI scans can be used to predict OS in patients with newly diagnosed supratentorial malignant glioma.

This study was supported by a grant from the National Natural Science Foundation of China (grant no. 30973083) and the Key Clinical Special Discipline Construction Program of Fujian (grant no. 2010-149).

![Example of classification of imaging features (arrows). (A) Minor edema (\<1 cm) and the rounded edema shape shown by T2-W MRI. (B) Major edema (≥1 cm) and the irregular shape of edema shown by T2-W MRI. (C-H) Contrast-enhanced T1-W images showing (C) mild necrosis (≤50%), (D) severe necrosis (\>50%), (E) no marked enhancement, (F) marked enhancement, (G) a small cyst and (H) a large cyst. T2-W MRI, T2-weighted magnetic resonance imaging.](ol-10-05-2769-g00){#f1-ol-0-0-3639}

![Correlations between (A) PTE, (B) necrosis, (C) enhancement, (D) edema shape, (E) major PTE and severe necrosis, (F) age, (G) grade and (H) chemoradiotherapy, and overall survival in the entire cohort (Kaplan-Meier curves). (E) a, the group with two unfavorable factors (major PTE and severe necrosis); b, the group with only one unfavorable factor (major PTE or severe necrosis); c, the group without major PTE and severe necrosis. PTE, peritumoral edema.](ol-10-05-2769-g01){#f2-ol-0-0-3639}

###### 

Specific classification of imaging features.

  Imaging features        Classification criteria
  ----------------------- ------------------------------------------------------------------------------------------------
  PTE                     
    Minor                 PTE extending \<1 cm from tumor margin
    Major                 PTE extending ≥1 cm from tumor margin
  Edema shape             
    Rounded               The edema shape is rounded and is not radial
    Irregular             The edema shape tends to be irregular, e.g., finger-like or radial shapes
  Necrosis                
    No                    No necrosis within the tumor
    Mild                  Necrosis affecting ≤50% of the tumor
    Severe                Necrosis affecting \>50% of the tumor
  Cyst                    
    No                    No cyst in the tumor
    Small                 Cyst cavity in ≤50% of the total tumor
    Large                 Cyst cavity in \>50% of the total tumor
  Enhancement             
    No marked             Enhancement signal is less than the signal intensity of fat
    Marked                Enhancement signal is similar to the signal intensity of fat
  Tumor crosses midline   
    No                    Tumor is limited to the unilateral cerebral hemisphere
    Yes                   Tumor crosses the brain midline and extends into the other side of the cerebral hemisphere
  Edema crosses midline   
    No                    PTE extent is limited to the unilateral cerebral hemisphere
    Yes                   PTE extent crosses the brain midline and is not confined to the unilateral cerebral hemisphere
  Size, cm                
    \<5                   The maximum diameter of the tumor is \<5 cm
    ≥5                    The maximum diameter of the tumor is ≥5 cm

###### 

Variables associated with OS in the entire cohort: Univariate analysis.

                                 OS, months                 
  ----------------------- ------ ------------ ------------- ----------
  Total                   109    15.0         11.2--18.8    
  Gender                                                    0.357
    Male                    65   15.0         10.2--19.8    
    Female                  44   16.0           9.8--22.2   
  Age, years                                                \<0.0001
    ≥60                     29   11.0           8.6--13.4   
    \<60                    80   21.0         16.2--25.8    
  KPS                                                       \<0.0001
    ≤80                     42   13.0         10.6--16.8    
    \>80                    67   26.0         16.2--30.8    
  Chemoradiotherapy                                         0.004
    Standard                53   21.0         16.1--26.0    
    Non-standard            56   12.0           8.1--15.9   
  Pathological grade                                        \<0.0001
    Grade 3                 44   28.0           8.0--54.0   
    Grade 4                 65   12.0           9.5--14.5   
  PTE                                                       \<0.0001
    Minor                   34   44.0         20.4--67.6    
    Major                   75   14.0         12.3--15.7    
  Edema shape                                               \<0.0001
    Rounded                 43   28.0           7.0--49.0   
    Irregular               66   14.0         10.7--17.3    
  Necrosis                                                  \<0.0001
    None                    33   42.0         25.3--58.7    
    Mild                    43   14.0           8.2--19.8   
    Severe                  33   10.0           6.1--14.0   
  Cyst                                                      0.593
    None                    71   16.0         10.1--21.9    
    Small                   22   15.0         11.6--18.4    
    Large                   16   15.0           7.3--22.7   
  Enhancement                                               \<0.0001
    No marked               50   29.0         12.1--45.9    
    Marked                  59   13.0           9.4--16.6   
  Tumor crosses midline                                     0.762
    No                      89   15.0         11.6--18.4    
    Yes                     20   21.0           9.0--33.0   
  Edema crosses midline                                     0.220
    No                      77   17.0         12.7--21.3    
    Yes                     32   13.0           9.2--16.8   
  Size, cm                                                  0.467
    \<5                     65   15.0         12.4--17.6    
    ≥5                      44   19.0         10.7--27.3    

OS, overall survival; CI, confidence interval.

###### 

Statistically significant prognosis indicators evaluated by multivariate analysis in the entire cohort.

  Variables            Hazard ratio   95% CI         P-value
  -------------------- -------------- -------------- ----------
  PTE                  2.337          1.089--5.015   0.029
  Necrosis             2.218          1.447--3.401   \<0.0001
  Pathological grade   2.066          1.150--3.713   0.015
  Age, years           1.954          1.137--3.358   0.015
  KPS                  1.892          1.230--3.371   0.023
  Chemoradiotherapy    0.481          0.287--0.806   0.005

PTE, peritumoral edema; KPS, Karnofsky performance status; CI, confidence interval.
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